ABSTRACT. Although twin, adoption, and family studies demonstrate that genetic factors are involved in the origins of stuttering, the mode of transmission of the disorder in families is not well defined and stuttering is considered a genetically complex trait. We performed a genomewide linkage scan in a group of 43 Brazilian families, each containing multiple cases of persistent developmental stuttering. Linkage analysis under a dominant model of inheritance generated significant evidence of linkage in two Brazilian families, with a combined maximum Linkage to persistent stuttering on chromosome 10 single-point LOD score of 4.02 and a multipoint LOD score of 4.28 on chromosome 10q21. This demonstrated the presence of a novel variant gene at this locus that predisposes individuals to stuttering, which provides an opportunity to identify novel genetic mechanisms that underlie this disorder.
INTRODUCTION
Although the etiology of developmental stuttering is not well understood, there is a consensus that genetic factors are involved, and studies of twins (Howie, 1981; Andrews et al., 1991; Felsenfeld et al., 2000; Ooki, 2005; Dworzynski et al., 2007; Fagnani et al., 2011; Rautakoski et al., 2012) and families (Kidd et al., 1978; Seider et al., 1983; Cox et al., 1984; Viswanath et al., 2004) have contributed to the substantial evidence for the role of inherited factors in the etiology of this disorder. Despite the extensive evidence for genetic factors, however, the exact mode of transmission in families is not well defined, and it is unlikely to be the same in all families and populations (Alm and Risberg, 2007) . For example, a number of linkage loci have been identified in consanguineous families, particularly from Pakistan (Riaz et al., 2005; Raza et al., 2010 Raza et al., , 2012 , while studies in outbred families in the United States have not demonstrated linkage at these loci (Shugart et al., 2004; Suresh et al., 2006) . The goal of this study was to identify genetic factors underlying persistent developmental stuttering in the Brazilian population, which displays a high degree of genetic admixture, and is thus quite different from the populations used for previous genetic studies of stuttering. Accordingly, we performed a genome-wide linkage scan in a group of Brazilian families, each containing multiple cases of persistent developmental stuttering.
MATERIAL AND METHODS
The study was approved by the respective institutional review boards (Research Ethics Committee of Botucatu Medical School, UNESP, Brazil, No. 3441/2010-CEP; National Committee for Ethics Research, No. 16349; National Institutes of Health, protocol No. 97-DC-0057) , and written informed consent or assent, as appropriate according to the age of the subject, was obtained from all participants. Blood and recorded speech samples were collected from all available family members. A total of 43 unrelated Brazilian families were enrolled from São Paulo State, Brazil. The sample consisted of 312 individual participants, 131 of whom were diagnosed as affected with persistent developmental stuttering. Stuttering diagnosis was determined by at least two speech pathologists and was established based on self-expressive speech samples (Andrade et al., 2004) of at least 200 syllables elicited by visual stimuli (pictures) adapted for different age groups. Affected individuals were defined as those with a stuttering dysfluency rate of 3% and a score of 11 points or more from the Stuttering Severity Instrument, 3rd edition (SSI-3) (Riley, 1994) , were age 6 years and older, had stuttered for at least 6 months, and had at least one additional affected family member. Exclusion criteria were: family history of genetic or non-genetic neurological disorders [e.g., dystonia, extra pyramidal disease, mental disorder, epilepsy, attention deficit hyperactivity disorder, psychiatric symptoms or conditions, oral communication impairment not compatible with age, conductive or neurosensory hearing loss, or other developmental conditions] that could generate errors in diagnosis. Genotyping was performed using the Illumina HumanLinkage-24 BeadChip that assayed 5913 single nucleotide polymorphisms (SNPs) in all 312 individuals. Samples from 26 Brazilian unaffected individuals were genotyped to estimate SNP allele frequencies in the Brazilian population. The quality of SNP genotypes was evaluated according to the manufacturer protocol using the Illumina ® GenomeStudio V2009.2 software (analysis parameters: cluster separation, call frequency, AB R mean, AB T mean, Mendelian inheritance, heterozygote excess, minor allele frequencies; available at: http://www.illumina.com/Documents/products/technotes/technote_infinium_genotyping_ data_analysis.pdf). Nine percent of SNPs failed to meet the recommended criteria and were excluded, leaving a total of 5379 SNPs analyzed for linkage.
Single-marker parametric linkage analysis was performed using SuperLink v1.6 (Hoffmann and Lindner, 2005) from the easyLINKAGE-Plus v5.08 package (available at: http://sourceforge.net/projects/easylinkage/) for SNP data. Confirmation of results from SNPs was done by genotyping microsatellite markers on chromosome 10 with standard fluorescent methods using an ABI 3730 XL capillary instrument and GeneMapper ® v.4.0 (Applied Biosystems, USA), followed by MLINK analysis (Cottingham Jr. et al., 1993) and SUPERLINK online V1.5 (Fishelson and Geiger, 2002; Silberstein et al., 2006) . SLINK was used to calculate simulated LOD scores using a single-marker power calculation with 1000 replicates (Ott, 1989) . Microsatellite allele frequencies were estimated by genotyping 48 Brazilian normal control individuals. MERLIN (available at: http://www.sph.umich.edu/ csg/abecasis/Merlin/download/) was used to calculate most likely haplotypes (Abecasis et al., 2002) , and HAPLOPAINTER (available at: http://sourceforge.net/projects/haplopainter/) was used to plot the pedigree with the haplotypes (Thiele and Nurnberg, 2005) . Analysis was initially performed on both individual families and on the combined family set with the disease allele frequency set at 0.01.
RESULTS
Analysis of the combined family set of 43 families under dominant, recessive, and additive models of inheritance failed to generate significant evidence of linkage. Analysis of individual families demonstrated suggestive evidence of linkage in two families (BRPD47 and BRPD50), while all other individual families displayed no significant evidence for linkage under any model of inheritance. Families BRPD47 and BRPD50 both showed evidence of linkage to SNP markers rs158421 (78.85 Mb) and rs1904764 (58.81 Mb) on chromosome 10q. These markers generated LOD scores of 1.59 and 1.32, respectively, under a dominant model of inheritance, which was viewed as the most plausible model based on the segregation of stuttering in these two families. Subsequent analysis under recessive and additive models gave reduced scores in these families. Analysis of both families together under a dominant model (penetrance classes 0.01, 0.99, 0.99) produced positive LOD scores at multiple markers, including rs1268722 (LOD = 3.11); rs77839 (LOD = 2.05); rs1917810 (LOD = 1.97); rs913034 (LOD = 1.84), and rs1427209 (LOD = 1.83) (Table 1A and B) .
Based on these results, we performed fine mapping using microsatellite markers that extended from markers D10S34 (48.38 Mb) to D10S535 (76.34 Mb) (Genome build 36/hg18).
Analyses of these markers under a dominant model produced a maximum single-marker LOD score of 2.57 in BRPD47 at D10S1643, while the maximum score of 1.74 in BRPD50 was generated at multiple markers in this region, extending from D10S604 (44.84 Mb) to D10S2480 (70.32 Mb). The analysis in the two families combined generated a pairwise LOD score of 4.02 at marker D10S220 (Table 1B) . Multi-point analysis based on six microsatellite markers using the same inheritance model generated higher LOD scores. For BRPD47, an LOD score of 2.49 was obtained at D10S1790 (55.2 Mb), and the LOD score exceeded 2.4 across the region from D10S604 (44.84 Mb) through D10S529 (71.83 Mb). In BRPD50, a maximum score of 1.78 was generated, with a flat LOD score curve between D10S604 (44.84 Mb) and D10S1670 (68.87 Mb). Analysis of these two families combined generated a maximum LOD score of 4.28 at marker D10S1790 (Table 1C) 
A. B. C.
Markers in italics were used in haplotypes (Figure 1 ). Bold indicates markers at which maximum values were obtained in each analysis. Markers highlighted in gray are those that were selected for multipoint analysis in C, based on the results of single-marker analyses in B. In C, genetic distances from D10S604 are those generated from the multipoint analyses. The observed linkage scores were compared to the hypothetical maximum singlemarker scores obtained from these two families using simulation, assuming that the single marker has 80% heterozygosity (because the heterozygosity is not 100%, the observed scores can exceed the simulated scores). SLINK (Ott, 1989 ) generated maximum simulated LOD scores of 2.58 and 1.74 for BRPD47 and BRPD50, respectively, and a score of 4.32 for the families combined. These are close to the maximum linkage scores we observed, suggesting that our linkage results explain all of the observed segregation of stuttering in these two families.
The haplotypes observed across the 20 microsatellite markers that showed evidence of linkage are presented in Figure 1 . In family BRPD47, the haplotypes for individual 47_20 were inferred, as this individual was not available for study. Designation of this individual as affected is based on family report, which if correct, indicates that this individual stuttered without carrying the haplotype associated with stuttering in other family members. The haplotypes that segregate with stuttering differ in these two families. Although our haplotype results are consistent with our linkage findings in this region in both families, they suggest that these families do not share a mutation of common origin at this locus. 
DISCUSSION
While persistent stuttering has failed to demonstrate a clear mode of inheritance in families in a number of previous studies, transmission of the disorder is consistent with autosomal dominant, perhaps with reduced penetrance, in two Brazilian families in our study.
Linkage analysis under this model of inheritance generated highly significant evidence for linkage on chromosome 10q, with a combined multipoint LOD score of 4.28. Although our evidence for linkage came from only 2 of the 43 families in our sample, we note that the majority of the remaining families were small and showed low power to detect linkage individually. Our observation of linkage in a subset of families is also consistent with previous results that have demonstrated a high degree of heterogeneity among mapped loci for this disorder (Shugart et al., 2004; Riaz et al., 2005; Suresh et al., 2006; Kang et al., 2010; Raza et al., 2010 Raza et al., , 2012 . Thus, it is not surprising that our study found evidence of linkage in only a subset of the families, and that the linkage locus we identified in the Brazilian population has not been previously observed for stuttering.
One individual (individual 47_20 in family BRPD47) was designated as affected by family report and this individual's haplotypes were inferred, as he was not available for this study. If the diagnosis and haplotypes for this individual are correct, he represents a phenocopy because he stuttered but did not carry the disease-associated haplotype in this family. Such phenocopies have been observed in previous studies of large stuttering families (Kang et al., 2010) . Such individuals indicate that even when a significant linkage score can be obtained under a Mendelian model of inheritance, stuttering can display non-Mendelian features.
The Brazilian population is characterized by a high degree of admixture. Genetic studies in such populations can use different genotypes and haplotypes that derive from the different racial or ethnic ancestral groups to improve the power to identify and localize disease-causing alleles. For this reason the Brazilian population is considered a valuable resource for mapping complex disease traits (Giolo et al., 2012) . Previous studies in other populations, especially those containing consanguineous families have typically produced strongest evidence for linkage under a recessive model. In contrast, the families in our sample have no evidence of consanguinity and demonstrate linkage under a dominant model of inheritance, with evidence for different mutations at the same locus. This suggests that these families displaying linkage to chromosome 10q provide an opportunity to identify novel genetic mechanisms that underlie this disorder.
CONCLUSION
Our genome-wide linkage scan in the Brazilian population identified linkage in two families to chromosome 10q21 under dominant inheritance, which represents a novel locus and a novel mode of inheritance for this disorder.
